The increasing price of rare earth permanent magnet has refocused the attentions to substitute Permanent Magnet Synchronous Machine (PMSM) with Wound Field Synchronous Machine (WFSM), which needs an excitation device to deliver current to the field winding. This paper presents one solution transferring the excitation power into the winding on the rotor of WFSM via electro-magnetic coupling resonance. Analysis, design, and prototype construction of the system are presented. Experiments demonstrate the system can transfer 200W to the field winding of a 2kW WFSM and the overall excitation device efficiency can reach 85%. The proposed technique has unique advantages over other wireless power transfer excitation technologies.
I. INTRODUCTION
Permanent Magnet Synchronous Machine (PMSM) became an optimal choice for traction applications due to its high torque density [1] . However, the cost of PMSM has greatly increased due to the significant increase in the price of rare earth materials. To some extent, the cost of permanent magnet accounts for almost 50% to 70% of the total cost. However, the cost structure of the Wound Field Synchronous Machine(WFSM) does not depend on the price of rare earth materials. Therefore, it is possible that WFSM becomes a prime candidate for lots of applications. WFSM has several advantages. Its safety and fault tolerance are higher than permanent magnet motor since the magnetic field can be directly adjustable. The cost of WFSM is low because permanent magnet materials are not required. However, the major issue of WFSM is the unreliability caused by slip rings and brushes.
To solve the above issue, a three-stage synchronous machine has been employed as a generator, which was the original brushless excitation applied for high power in conventional aircrafts [2] . The third harmonic excitation, which induces voltage on the rotor and then provides excitation through rectifier, is also a method for eliminating brushes and The associate editor coordinating the review of this manuscript and approving it for publication was Tariq Masood . slip rings and applied in small-capacity motors [3] . Different from third harmonic, a method of generating sub-harmonic and using special inverter control technology to provide excitation is also proposed [4] . A developed brushless selfexcitation synchronous generator model is proposed in [5] . The self-excitation consists of residual magnetic force and rises through the interaction between armature reaction field and flux induced by auxiliary rotor winding, which is proportional to the load changes, without any additional excitation device. A novel brushless excitation concept with a rotating power converter is proposed in [6] . An inverter with a DC link capacitor and a controller are added on the rotor and the inverter is controlled such that the alternating current charges the DC link capacitor. Arranging the excitation winding on the stator is an approach that does not need to consider the brushes and slip rings [7] . The DC field excitation windings are placed on the stator with armature windings, and there are no coils or permanent magnets on their rotors. However, this inevitably increases the design difficulty of the stator.
Two new methods, which retaining the structure of the conventional WFSM stator and rotor and implementing brushless excitation by adding an excitation device, have been proposed. One solution is to utilize a rotating transformer to provide excitation current [8] , [9] , which has been demonstrated that the system efficiency is above 90%.
The capacitive noncontact power transfer technique proposed by Prof. Ludois in [10] , is the second method without brushes and slip rings. Qualitative comparisons between capacitive power transform system and traditional contactless power transfer approaches indicate that the former may be more competitive [11] . Rotary transformers and capacitive slip rings provide two excitation methods, and there is no mechanical contact between the moving part and the stationary part. The rotary transformers inevitably require additional copper and magnetic steel, and speed sensitivity and reliability remain a problem. Capacitive slip rings satisfy this but still have lower power density and complicated structure problems.
An emerging method to deliver power is electro-magnetic coupling resonant Wireless Power Transfer (WPT). In 2007, MIT used a self-resonant coil in a coupled state, and experimentally demonstrated that it can transmit 60W power when the distance is as high as 8 times the coil radius and about 2 meters, and the efficiency can reach 40% [12] . From then on, WPT technique via coupled magnetic resonance has developed rapidly and is widely used in electromobile [12] - [15] , health, medical treatment, communication, phone and other applications [17] , [18] . Recently, this innovative technique has been applied to WFSM to reduce the overall size and weight [19] . Reference [20] has designed different types of resonators for different excitation demands and calculated the spatial distribution of the excitation magnetic field. Unfortunately, there are no experiment results. Reference [21] has analyzed WPT for motor electric excitation from the perspective of primary-side current control without the analysis of the impact on the motor. Applying coupled magnetic resonance WPT technology to WFSM does not increase the design difficulty of the stator and rotor compared to harmonic excitation and stator wound field synchronous machine. Moreover, no magnetic steel is required on excitation device compared with rotary transformer and the transmission distance can be selected in a wide range compared with rotary transformer and capacitive slip rings.
On the basis of previous research [20] , the authors of this article continue to investigate electro-magnetic coupling resonant technique to feed excitation power into the field winding and verify the analytical analysis and design results by some experiments. The simulation and experimental results of brushless WFSM and conventional brush WFSM are given and compared with each other. In this paper, section II describes the structure, the operating principle and the characteristic of the brushless WFSM system. Section III gives the design process and design results of the brushless WFSM. Section IV analyzes the resonance characteristics under variable load and gives the design basis. Section V highlights experimental work and makes comparison.
II. STRUCTURE AND CHARACTERISTIC OF BRUSHLESS WFSM SYSTEM
The stator and rotor structure of the proposed machine remain same as that of a conventional brush WFSM, and the only difference between the conventional synchronous and modified WFSM is the excitation device. The excitation device of a conventional synchronous machine involves brushes and slip rings. While in the brushless WFSM, a WPT excitation device takes its place. A pair of resonators and a rotary rectifier are designed to replace the slip rings to transmit power to exciting winding. The mechanical structure has high integrity as illustrated in Fig.1 . The device consists of five parts, including the power supply, high frequency inverter, resonator (transmitting and receiving resonator disks), uncontrolled rectifier, and load (field winding). There is no mechanical contact between the sending and receiving disks. The high frequency inverter and sending resonator disk are stationary component placed at the end of the generator. Receiving resonator disk and the rectifier are placed on the rotor shaft and rotate with the rotor.
The simplified circuit of the excitation power transmission system is shown in Fig.2 , the power is transmitted by the magnetic coupling between the transmitting and the receiving resonant disks, and the frequency of the high frequency inverter coincides with the self-resonant frequency of the resonator. A resonant tank is formed by connecting an inductor coil and a capacitor in series. Two resonant tanks are utilized in the WPT excitation device, and the inductors and capacitors on the two resonant tanks are the same. Connected to the high frequency inverter is the transmitting resonant tank, and the rectifier and the load are connected to the receiving tank. Relative motion is allowed when the relative surface area and the distance between the two tanks keep the same. Then the two resonant tanks realize wireless power transmission via electro-magnetic coupling. Table 1 shows the parameters and main dimensions of the WFSM. The geometric model of the stator and rotor are shown in Fig.3 . Fig.4 shows the magnetic field line and magnetic density distribution of half model by FEM. Fig.5 shows the back EMF of the machine in the case of 3.6 A excitation current and 200 r/min. And the amplitude of back EMF of the WFSM is 40V.
III. ELECTRO-MAGNETIC COUPLING RESONANCE DESIGN A. ELECTRICAL PARAMETERS OF RESONANT COILS
A simplified WPT system, which treats the supply as an ideal high-frequency power source, is utilized. As shown in Fig.6 , we assume that the coupled resonant circuit is driven by a square waveform u s . In the coupled resonant tanks, L 1 and L 2 are effective inductances, C 1 and C 2 are effective capacitances, R 1 and R 2 are equivalent series resistances, M is mutual inductance, C is filter capacitor, and L is load inductance and R is load resistance. u s is regarded as supply source. It is assumed that the effective value and angular frequency of the current flowing through the coil are I rms and ω, the inductive reactive power is
It can be seen from Table 1 that the WPT excitation device is designed to provide 3.6A excitation current and 200W power. High working frequency could cause electromagnetic interference problem and iron loss in ferrous-metallic structures. Therefore, a relatively suitable resonant frequency of 25 kHz is chosen.
Thereby, the calculated resonant inductance of 100µH is selected to transmit required power, and the required resonant capacitance calculated according to (2) is 412nF. The parameters of the resonant tanks as the excitation device are shown in Table 2 . 
B. STRUCTURE PARAMETERS OF RESONANT COILS
The load current is the main concern when the field winding of the WFSM acts as load on the electro-magnetic coupling resonator. The series-series topology is selected because of its constant current characteristics, as illustrated in Fig.7 .
It should be pointed out that an equivalent resistor R L can be utilized instead of the entire field winding load. A planar spiral coil is designed to transfer excitation current to the rotor for its advantages in axial length as shown in Fig.8 . The self-inductance of the planar spiral coil can be calculated using the filament method [22] , [23] , which applying only to circular filaments of negligible cross section. The formulas of self-inductance and mutual inductance are expressed as follows:
where, M ij is the mutual inductance between two filaments, r i and r j are radii of the filaments respectively and z is the distance between the centers of the two filaments, E and K are complete elliptic integrals of the first and second kind, respectively, µ 0 is vacuum permeability. N 1 and N 2 are the number of turns and r i = r inner + d/2+s * i, r j = r inner + d/2+s * j. Assuming that a copper wire having a diameter of d = 1mm is selected, the inner radius of the coil is r inner = 92.5mm and the radii of two adjacent filaments differs by s = 1.15mm.
The relationship between the self-inductance and the number of turns is as shown in Fig.9 .
When N = 15, the required resonant inductor can be obtained. The parameters of the transmitting coil and the receiving coil are the same. Ignoring the loss of the power supply, the efficiency η 2C of two-coils WTP system is expressed as follow [24] :
R 1 and R 2 are equivalent resistances of transmitting coil and receiving coil and their resistance values are usually small and similar. Therefore, it can be seen from the expression that at a given frequency, load and mutual inductance are the main factors affecting efficiency. And the mutual inductance is mainly determined by the transmission distance and decreases as the distance increases.
By measurement, R 1 = R 2 = 0.3 . Then, according to equation (7), the efficiency of the two-coils system as a function of equivalent resistance and mutual inductance is shown in Fig.10 .
It is obvious that the two-coils structure can obtain higher efficiency when transmitting with large load for a short distance. In this paper, the equivalent resistance R L is about 14 by measurement. As can be seen from Fig.10 , the transmission distance can be selected in a relatively wide range since the mutual inductance is inversely proportional to transmission distance. When the mutual inductance is 60µH, 96% efficiency can be achieved. Then, according to the previous calculation, M = 60µH when z = 12mm. At last, the parameters of the spiral coils are shown in Table 3 .
IV. RESONANT CHARACTERISTICS UNDER VARIABLE LOAD
The field winding of WESM is a kind of resistive-inductive load. Moreover, its inductance value would change due to the saturation of the magnetic circuit. WPT technique has been VOLUME 7, 2019 studied a lot, but in most studies, power is transferred to a resistive load. There are relatively less researches on the effect of load impedance on resonant characteristics. This paper establishes a state space model of the magnetic coupling resonant WPT system that exactly represents the model dynamics and explores the effects on resonant frequency.
In Fig. 6 , the relationship between i 3 and i 2 is given by
The equivalent circuit dynamics can be completely defined by the spatial state space model as follows
The circuit model in this paper has a filter capacitor and an inductor connected to the rectifier bridge, that is, the equivalent impedance after the rectifier bridge has an imaginary part, which is different from the pure resistive load system. The equivalent load after the rectifier bridge can be regarded as a series-parallel connection of capacitor, inductor and resistor. As shown in Fig. 6 , the equivalent impedance is
By expanding the above formula, the imaginary part can be obtained as
It can be seen that the imaginary part of the equivalent impedance is determined by the value of R, L, C and the frequency of the current ω. As can be seen from Table 2 ,
In addition, R 1 = R 2 = 0.3 , M = 60µH. In order to analyze the effect of impedance characteristics on resonance, this paper assumes that u s = 45V, this numerical assumption does not affect the characteristics of the system under study.
It should be pointed that the impedance characteristics of the load are not taken into account when selecting the parameters of the resonant disk. Based on the spatial state equation established above, this paper explores the effects of R, L and C on the resonance respectively.
As shown in Fig.11 (a) , L = 40mH, C = 40µF, the shift of the resonant frequency caused by the change of the resistance within a certain range is very small. The current is slightly heading the voltage when the resistance increases. However, Fig.11 (b) shows that the effect of the filter capacitor on the resonance is slightly larger than the resistance when keep R = 15 , L = 40mH. When C = 0.2µF, the current lags behind the voltage, while the current slightly exceeds the voltage when capacitance reaches 40µF. In Fig.11(c) , C = 40µF, R = 15 , it can be seen that the inductance has little effect on the resonance over a relatively large range. In summary, R, L, and C all have a more or less effect on resonance, but their effects are negligible, and the inductance and capacitance can be tolerated over a considerable range. This feature allows the inductance to change and the transmission characteristics are not disturbed.
V. EXPERIMENTAL RESULTS AND COMPARISON A. PROTOTYPE AND EXPERIMENTAL SETUP
The instrument involved in this experiment had a frequency converter, a servo motor, a modified WFSM, a conventional brush WFSM, two designed resonant disks, a rectifier with MUR420RLG diodes, a high frequency inverter, a DC source, a three-phase adjustable resistive load, and an oscilloscope. The modified WFSM acted as a generator, in which slip ring was replaced with resonant disks and rectifier, and the servo motor as prime motor drove the conventional WFSM and the modified brushless WFSM respectively. The experimental principle is shown in Fig. 12.  Fig.13 shows the final modified motor-generator setup with WPT excitation device installed on shaft and some components. The WFSM shaft end was extended with a rubber block, and the receiving resonant coil and resonant capacitor were fixed on a circular acrylic plate and mounted on the rubber block. The transmitting disk was symmetrically placed and connected to the inverter power supply. To measure the excitation current and receiving coil voltage, the auxiliary brushes are installed on the stator and the auxiliary slip rings are installed on rotor, which are described in Fig 13 (a) . One group of brushes and slip rings are parallel connected with the rectifier. Another group of brushes and slip rings are series connected in the excitation circuit. The detail parameters of the WFSM are shown in Table 1 and the dominant resonator configurations are presented in Table 2 . Static and rotary experiments were performed to verify the WPT excitation device. 
B. STATIONARY EXPERIMENT RESULTS AND ANALYSIS
System efficiency can be measured in static experiments. At the same time, simulation in Matlab-Simulink is used to compare with the experimental process.
Terminal quantities u 1 , i 1 , u 2 , i 2 under stationary conditions are plotted in Fig.14. The high frequency inverter outputs a 45V, 25 kHz frequency square wave voltage to obtain an excitation current of 3.6A. The energy distribution is obtained by measuring the voltages and currents of each port under the static experiment, as shown in Fig.15 . The distortion of the current on the transmitting coil and the receiving coil is due to the strong coupling between the inductors, and increasing the distance can reduce the distortion, but inevitably reduce the transmission efficiency.
C. ROTARY EXPERIMENT RESULTS AND ANALYSIS 1) NO-LOAD EXPERIMENT
In order to compare the performance of the modified WFSM with the conventional WFSM, the original WFSM with brushes and slip rings was drove by the servo motor, and the experimental speed of the original WFSM was consistent with that of the brushless WFSM. The rotary experiment measured the Back-EMF of the brush WFSM and brushless WFSM under different excitation current, respectively. As can be seen from Fig. 13 (a) , the excitation current can still be measured while the rotor was rotating.
The Back-EMF of the original brush and brushless WFSMs and excitation current i f are obtained under rotary experiments and shown in Fig.16 , which is basically consistent with finite element analysis results.
The comparison of measured Back-EMF between the original brush and brushless WFSM is presented in Fig.17 . It is obvious that the two curves are extremely consistent. Furthermore, the relationship between the supply u s and excitation current i f is given in Fig.18 . u s and i f are almost proportional, adjusting the i f only requires adjusting the u s .
2) LOAD EXPERIMENT
In order to investigate the external characteristic of the brushless WFSM, a three-phase adjustable resistive load is connected to the brushless WFSM in a star connection, and the three-phase adjustable resistor ranges from 50 to 100 . Fig.19 shows the phase voltage U and phase current I of The mechanical power input to the brushless WFSM measured by torque and speed meter is 50W. Therefore, the efficiency of the brushless WFSM is about 70% according to the phase voltage and current. The efficiency is consistent with the original brush WFSW with a resistance of 100 at 200r/min. It can be foreseen that the load characteristics of the brushless WFSM and the original brush WFSM are the same as long as the excitation device works normally, because the two WFMSs have the same parameters except the excitation mode.
The external characteristics of the brushless WFSM at power factor of 1 can be obtained by changing the value of the three-phase adjustable resistive load, as shown in Fig.20 . The external characteristic is degraded due to the demagnetization of the armature reaction and the leakage impedance drop.
Whether the excitation device can transmit the required excitation current effectively and stably is the focus of this paper. The load characteristic with a power factor of 1 has verified that the excitation device can still work stably when the brushless WFSM is loaded.
VI. CONCLUSION
This paper proposes a brushless field excitation system for WFSM based on electro-magnetic coupling resonance technique. Analysis, design, and prototype construction of the system are presented. Experiments show that the system can transfer 200 W to the field winding of a 2 kW WFSM. Additional qualitative comparisons between an electromagnetic coupling resonance WPT exciting method and other wireless power transmission methods are drawn in Fig.21 .
The main conclusions and contribution are as follows: 1) Considering the high price and scarcity of rare earth materials, the excitation method based on electromagnetic coupling resonance is feasible and alternative to PM machines.
2) Although the field winding is an inductive load, its effects can be negligible. This feature allows the inductance to change and the transmission characteristics are not disturbed.
3) The efficiency of overall excitation device can reach 85%, which means that the proposed excitation method is competitive. 4) Load current can be adjusted directly and simply through power supply thanks to the constant current characteristics of the resonator's topology.
In spite of significant progress has been made of brushless excitation technique in WFSM, there are still many issues to be addressed in the future:
1) The effect of high-frequency magnetic field on the frame, end winding, shaft, and etc. and impact of metal obstacles on WPT system should be further studied.
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